This paper investigates the variation of electrical characteristic of indium gallium zinc oxide (IGZO) thin film transistors (TFTs) under gate bias stress. The devices are subjected to positive and negative gate bias stress for prolonged time periods. The effect of bias stress time and polarity on the transistor current equation is investigated and the underlying effects responsible for these variations are determined. Negative gate stress produces a positive shift in the threshold voltage. This can be noted as a variation from prior studies. Due to variation of power factor (n) from two, the integral method is implemented to extract threshold voltage (v t ) and power factor (n). Effective, mobility (u eff ), drain to source resistance (R DS ) and constant k' is also extracted from the device characteristics. The unstressed value of n is determined to be 2.5. The power factor increases with gate bias stress time. The distribution of states in the conduction band is revealed by the variation in power factor.
Introduction
Thin film transistors (TFTs) are used as switching elements in active matrix liquid crystal (LCD) and light emitting diode (LED) displays. Owing to their high mobilities, low temperature fabrication, cost effectiveness and uniformity amorphous IGZO TFTs are a good replacement for a-Si:H TFTs [1, 2] . Subjecting TFTs to prolonged bias stress can alter its electrical parameters due to device degradation. Device degradation can adversely affect the threshold voltage and ON current of the device thereby causing unprecedented variations in the pixel brightness of the LCD or LED matrix. There are two possible mechanisms responsible for device degradation. This could be due to trapping of charges in the channel/ dielectric interface due to the creation of defect states in the deep gap states of the channel dielectric interface [3, 4] . The analysis of threshold voltage, sub-threshold swing, mobility, power factor and drain to source resistance variation with stress time and stress polarity reveals the underlying phenomenon behind device degradation.
The variation of transistor parameters with stress time and polarity is studied in this paper. The inversion current has a quadratic relation with the overdrive voltage in MOSFETs. However in TFTs they have an nth power relation with the overdrive voltage. This is due to the variation of the power factor n from 2. The variation of power factor with stress time shows the distribution of states in the conduction band [5] . The variations in the distribution of states will affect the effective mobility of the TFT. The variation in mobility with stress time is extracted from the transfer characteristics of the device. The variation trend in mobility is compared with that of threshold voltage and power factor n to confirm the effect of gate stress on device behavior. An equivalent model of the TFT under study is also presented in this paper.
Experiment and Device Fabrication

Device Fabrication
The n-type enhancement TFTs were fabricated on a 300 mm Si wafer with a thin layer of SiN. Molybdenum was used as the gate, drain and source metal. It was deposited using a sputtering process. The intermetal dielectric is deposited after patterning the gate layer. It consisted of a stack of SiO x , IGZO and SiO x . IGZO was sputtered at a temperature between 71˚C and 91˚C and SiO at 180˚C. The mesa passivation layer was formed by SiO x . The entire wafer was annealed at 200˚C for 1 hour after the SiN deposition and over glass etching process.
Experimental Setup
The devices subjected to electrical stress testing were n-type enhancement TFT with W/L ratio of 9 μm/9 μm. The devices were stressed at positive and negative gate bias of 20 V. The devices were stressed for time periods ranging from 10 s to 100,000 s. The devices were stressed using a HP4451B semiconductor parametric analyzer. The transfer and output characteristics of the devices under test were plotted for different stress times. The drain voltage was maintained at a constant 10 V while recording the transfer characteristics of the device. The gate voltage was swept from −25 V to 20 V. While recording the output characteristics the gate voltage was swept incremented in steps of 5 V from −5 to 20 V while sweeping the drain voltage from 0 to 20 V.
Results and Discussion
Positive Bias Stress
The devices under test were subjected to positive bias gate stress of 20 V for time periods ranging from 10 s to 100,000 s. The transfer and output characteristics of the device were plotted for different stress times and the variations were noted. While recording the transfer characteristics the drain was maintained at a constant voltage of 10 V. A positive shift in the threshold voltage with stress time was observed. This could be due to charge trapping at the channel/dielectric interface or due to the creation of defect states at or near the channel/dielectric interface [6, 7] . Variation of subthreshold slope with stress time was negligible. The TFT transfer characteristics in Figure 1 makes evident that the variation of drain current with gate voltage over different stress times follows a similar pattern. This concluded that no additional defect states were created. Hence, the positive shift in threshold voltage was concluded to be the direct result of trapping of electrons at the channel/dielectric interface. 
Negative Bias Stress
Unlike previous studies done on TFTs, negative gate bias stress resulted in a positive shift in the threshold voltage. The variation in transfer characteristics with stress time is shown in Figure 2 . The negative shift in threshold voltage can be attributed to the band bending resulting in positively charged donor states [8] . The additional carriers so produced contribute towards conduction. Thereby, increasing the effective channel mobility and decreasing the threshold voltage. The lower threshold voltage results in a higher value of ON current and OFF current. In this study the variation of OFF current magnitude with stress time was negligible.
Injection of electrons into the gate dielectric could be a possible reason behind the positive shift in threshold voltage. The injected charges in the dielectric will attract holes into the channel. An additional voltage has to be applied at the gate terminal to form a channel after repelling the holes, thereby causing a positive shift in threshold voltage. Subthreshold slope variation is not observed for negative bias stress studies either. This confirms that the positive shift in threshold voltage is due to injection of electrons into the gate dielectric rather than due to creation of defect states. The decrease in ON current can be attributed to the deficit in electrons in the channel.
Variation of V t with Stress Time
In MOSFETs the threshold voltage is extracted either by extrapolating the dsat 1 2
I
vs V G curve [9] or by taking the derivative of the drain current with respect to the gate voltage [10] . In TFTs the effective channel mobility increases with gate voltage. This makes it difficult to determine the point on the I dsat vs V G curve that has to be extrapolated to determine the threshold voltage. The nth power dependence of the drain current on the overdrive voltage further makes the extraction of V t by conventional Copyright © 2012 SciRes. CS
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297 methods difficult. The derivative method is avoided also due to the magnification of experimental error upon taking the derivative. An integral method [11] is applied here to extract the threshold voltage and the power factor without the limitations posed by experimental errors. The drain current is integrated over the gate voltage. The integral is plotted against the gate voltage. The threshold voltage is extracted from the curve by extrapolation and the power factor is extracted from the slope of the plot. The variation of threshold voltage with stress time and polarity is shown in Figure 3 . Threshold voltage has a logarithmic relation with stress time as shown in Equation (1).
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The above equation depicts threshold voltage as a function of stress time. M is a constant; the value of which depends on device properties. The logarithmic variation of threshold voltage with stress time indicates negative charge trapping due to tunneling [12] . The threshold voltage behavior over stress time relates to that observed in previous TFT bias stress studies.
Drain to Source Resistance and Mobility
The drain to source resistance of the TFTs is the combined effect of the contact resistance at the source and drain, and the channel resistance. The channel resistance increases with degradation of effective channel mobility. Figure 4 shows the degradation of channel mobility with stress time. The contact resistance depends on the bulk resistance of the semiconductor and the injection of carriers across the metal/semiconductor interface. The drain to source resistance (R DS ) is calculated for both positive and negative gate bias stresses. The mobility degradation is more pronounced at positive bias stress. The impact of mobility degradation on the channel resistance is evident from the increase in R DS with stress time as seen in Figures 5 and 6 . CS
The drain to source resistance is extracted from the inverse slope of the extrapolated curve in the output characteristics of the transistor. For positive gate stress bias R DS degrades logarithmically with respect to stress time and for negative gate stress the degradation is negligible. This further confirms the charge trapping at the channel dielectric interface that results in a deficit of mobile charges to carry current in the channe
Variation of Power Factor with Bias Stress
The drain current in a TFT is proportional to the nth power of the overdrive voltage as shown in Equation (4):
The drain current follows a quadratic relation with the overdrive voltage in the case of MOSFETs. However, in TFTs the power factor n can vary from the usual value of 2.0. Due to this variation conventional extraction techniques cannot be used to extract the threshold voltage and power factor. The drain current is integrated over the gate voltage and the integral is plotted against the gate voltage. A linear fit of this curve is obtained. From the linear fit the threshold voltage and power factor are extracted. The x intercept of the linear fit gives the threshold voltage and the power factor is extracted from the inverse of the slope of the fitted curve. The density of sub gap states depends on the distribution of tail states near the conduction band and the deep gap states. The power factor reflects on the distribution of tail states near the conduction band. The deep states follow a Gaussian distribution whereas the tail states near conduction band follow an exponential distribution. On increasing the gate bias stress time, the power factor increases. As the power factor increases the density of states will decrease slowly towards the middle of the band gap from the conduction band edge. The turn on voltage of the TFT is dependent on the deep band gap states. However, the ON current and subthreshold behaviors are dependent on the tail states [14] . The relation between effective mobility and power factor can be described as on Equation (5) 
Equivalent Circuit of TFT
The equivalent circuit of the TFT under consideration is shown in Figure 7 . The variations in current equations that make this device stand out from MOSFETs are incorporated. The inversion current in MOSFETs have a quadratic relation with the gate voltage. For TFT the inversion current varies as the 2.5th power of the gate voltage. Due this variation the transconductance "g m " differs from that of a MOSFET as shown in Equation (7). The power factor increases as the bias stress time. The significance of power factor is mentioned in section E. The channel resistance degrades with stress time. This adversely affects the drain to source resistance which is the combination of the channel resistance and the contact resistances at the drain and the source. Degradation of R DS and power factor "n" further confirms the mobility degradation with stress time. Transconductance represents the variation of drain current with gate to source voltage. 
